Methylcrotonylglycinuria (MCG) is an inborn error of leucine catabolism and results from the deficiency of 3-methylcrotonyl-CoA carboxylase. Patients with MCG show a highly variable clinical phenotype, ranging from asymptomatic to severe. With the introduction of newborn screening using tandem mass spectrometry, most patients with MCG are identified in their asymptomatic neonatal periods. Owing to their fair clinical outcomes, there exists a controversy over the need for aggressive medical intervention or even for newborn screening for MCG. Our study, reporting 11 Korean MCG patients from nine unrelated families, who were identified by newborn screening or family member testing and normally developed without experiencing an metabolic crisis during the follow-up period of 2.6±1.96 years (range, 1-10 years), indicates that the aggressive medical intervention might not be needed at least for the MCG patients identified by screening program in asymptomatic period. A total of six MCCC2 mutations, but no MCCC1 mutation, were identified in 17 of 18 alleles (94.4%). p.D280Y was identified in the 12/18 alleles (66.7%), indicating a founder effect. Moreover, the rest five variants, p.S342K, p.Q496H, p.P552S, p.T556A and p.P459S, were all previously unreported. The results of our study indicate that the distinct molecular genetic characteristics exist in Korean MCG patients.
Methylcrotonylglycinuria (MCG; OMIM 210200) is an inborn error of leucine metabolism and results from 3-methylcrotonyl-CoA carboxylase (MCCC; E. C.6.4.1.4) deficiency. 1 MCCC is a mitochondrial enzyme that converts 3-methylcrotonyl-CoA to 3-methylglutaconylCoA, a critical step for the metabolism of leucine and isovaleric acid. 2 The enzyme contains a and b subunits. The MCCC1 gene encodes a subunit harboring a covalently bound biotin, which is essential for the ATP-dependent carboxylation, whereas MCCC2 encodes b subunit that possess carboxyltransferase activity. 3 In MCG, 3-methylcrotonylCoA accumulates because of the defective MCCC and is metabolized to hydroxyisovaleric acid (3-HIVA) and 3-methylcrotonylglycine (3-MCG), the elevations of which are the hallmark for the diagnosis of MCG. MCG is inherited as an autosomal recessive trait. 1 MCG used to be considered as a rare metabolic disorder. However, after neonatal screening test using tandem mass spectrometry was introduced, it is now one of the most common metabolic disorders, with the estimated prevalence of 1 : 50 000. [4] [5] [6] Currently, the exact prevalence of MCG is not known in Korea, but there is a report that 1 patient was identified out of about 79 000 newborns screened in Korea. 7 Patients with MCG show a highly variable clinical phenotype, ranging from asymptomatic to severe, and they usually show normal growth and development without an experience of acute metabolic crisis, even without treatment. 8, 9 However, a few reports underscore the importance of medical intervention because some patients can experience metabolic decompensation accompanying various stressful events including infection, and manifest a lot of symptoms such as frequent infections, feeding difficulty, vomiting, lethargy, apnea, hypotonia, seizure, mental retardation and death in the situation of metabolic crisis. [9] [10] [11] [12] [13] Therefore, there still exists a controversy over the necessity of aggressive medical intervention for MCG, or even the need for neonatal screening for MCG. Currently, newborn screening tests using tandem mass spectrometry are performed in more than 90% of the Korean newborns annually. This study was performed to report the clinical manifestations of Korean MCG patients and their clinical courses, which can help to build up the appropriate strategies for monitoring MCG patients. In addition, by revealing their mutation spectrums, our study indicates that the distinct molecular genetic characteristics exist in Korean patients with MCG.
Between January 2005 and December 2010, 11 patients from nine unrelated Korean families were diagnosed as MCG at the Asan Medical Center, Seoul, Korea (Table 1) . Nine patients were identified by neonatal screening program performed within 1 week of birth, whereas the rest two patients by family member screening. The mean values of urine 3-HIVA and 3-MCG were 496.8±506.9 mmol per mmol Cr (nl., 0.7-14.4 mmol per mmol Cr) and 459.6 ± 554.2 mmol per mmol Cr (nl., 0.0 mmol per mmol Cr), respectively, which were elevated in all patients.
Total genomic DNA was isolated from peripheral white blood cells, and all the 19 exons of MCCC1 and 17 exons of MCCC2 and their respective exon-intron boundaries were analyzed in each patient. We could not find a mutation in the MCCC1 gene but only in the MCCC2 gene. A total of six MCCC2 mutations were identified in the 17 out of 18 alleles (94.4%) from the nine unrelated Korean families, which were all missense mutations (Table 1) . Of note, c.838G4T (p.D280Y), a previously reported mutation in a Japanese patient with MCG by Uematsu et al, 14 was the most common mutation in our patients. p.D280Y was identified in the 12/18 alleles (66.7%), indicating a founder effect. In the report by Uematsu et al., 14 this variant was only found in 1/6 alleles (16.7%). Currently, it is unknown whether p.D280Y is the common mutation in other East-Asian countries including Japan and China, as in Korea. Moreover, the rest five variants, c.1025G4A (p.S342K), c.1375C4T (p.P459S), c.1448G4C (p.Q496H), c.1654C4T (p.P552S) and c.1666A4G (p.T556A), were previously unreported. All these variants except p.Q496H were predicted as mutations by in silico analysis, but p.Q496 is evolutionally conserved as well. All the five variants were not identified in 50 normal Korean controls tested. Although their functional effects were not investigated, these variants are expected to cause MCG as a member of compound heterozygotes. All these results suggest that the distinct molecular genetic characteristics exist in Korean patients with MCG. Further investigation might be needed for the identification of molecular genetic characteristics of MCG in other East-Asian populations, which will help to understand the ethnic diversities.
Considering the accumulating metabolies including 3-HIVA and 3-MCG can cause the hyperammonemia because of suppression of urea cycle and cause hypoglycemia, metabolic acidosis, free carnitine depletion and ketoacidosis because of suppression of fatty acid metabolism or amino-acid metabolism, 12, 15 we commenced the treatments including L-carnitine supplement with leucine-restricted milk formula to all patients at diagnosis. However, five patients were decided to discontinue therapy because of poor adherence. During the follow-up period of 2.6 ± 1.96 years (range, 1-10 years), all the patients normally developed and did not experience any event of metabolic crash even during febrile illness. Their growth profiles were all normal at the latest evaluation, 4.8 ± 2.92 years of age (range, 0.9-9.8 years of age); the median standard deviation score of body weight and height was 0.53±0.55 (range, À1.05 to 1.89) and 0.54 ± 0.83 (À1.09 to 2.12), respectively (Table 1) . However, there exist some limitations of our study, because the number of patients is small and the follow-up periods are relatively short. The fair clinical outcomes of our patients might be related to the fact that all of our patients have been identified by screening tests in asymptomatic period and a half of our patients are still on L-carnitine supplementation with dietetic therapy.
In conclusion, although a controversy still exists, our report indicates that aggressive medical intervention might not be needed at least for the patients with MCG, who were identified by screening program in asymptomatic period. As the first study reporting the mutation spectrum of Korean patients with MCG, our study reveals the distinct molecular genetic characteristics in Korean MCG patients. 
